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Chapter 1
Introduction
1.1 Stem cells and niches
Multicellular organisms display a variable degree of cellular turnover during
the course of their lives. Cells exposed to harsh external conditions have to
be continuously replaced with new ones. Quick repair of damaged tissues
requires rapid expansion of the cells constituting the tissue. However, most
cells cannot directly increase their numbers through divisions to fulfill this
need. Instead, a special cell population is set aside. These cells are called
stem cells, and they are typically described as undifferentiated cells capable
of self-renewal (generation of a cell with the same properties) and differ-
entiation (generation of all cell types that constitute its tissue). Stem cells
in the adult organisms typically reside in the stem cell niches - specialized
signalling microenvironments, providing important cues for the stem cell reg-
ulation, which is crucial for the prevention of either stem cell loss or tumorous
expansion.
Our current understanding of stem cell regulation is largely shaped by
historical reasons and therefore is subject to continuous revision. One main
direction of stem cell research in the 20th century, when the term stem cell
was first used in its present day meaning [Ramalho-Santos and Willenbring,
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2007], focused on the highly hierarchical hematopoietic system [Pappenheim,
1896, Maximow, 1909, Sabin et al., 1936, Till and McCulloch, 1961]. On the
top of this hierarchy, there are rare, common precursors called hematopoietic
stem cells (HSCs) [Orkin, 2000], which are able to regenerate all cell types of
the hematopoietic system. Transplantation of such HSCs can rescue irradiated
mice with an ablated hematopoietic system, while stem and progenitor cells
downstream of the HSCs, as well as committed precursors, can only regenerate
parts of the system [Till and McCulloch, 1961]. This was depicted in the form
of lineage trees, where transformations occur unidirectionally from cells with
more potency to the more differentiated ones.
However, in contrast to the unidirectional transformations of the HSC
system, recent studies of an increasing number of epithelial stem cell niches,
especially in the intestine, have demonstrated that these systems exhibit a
great degree of cell plasticity, which is the ability of the differentiated cells
to de-differentiate into the original stem cell type or trans-differentiate into
another cell type within a tissue [Tetteh et al., 2015]. These differences are
also reflected by the stem cells themselves - instead of rare and quiescent,
they are abundant, highly and mostly symmetrically proliferating, and subject
to neutral competion for the niche space [Clevers, 2013, Leushacke et al.,
2013, Doupe´ et al., 2012]. These contrasting observations suggest that there is
a broad diversity of principles governing the stem cell systems, most likely
depending on the physiological needs of the tissue.
The HSC transplantation experiments that helped shape our concept
of stem cells were also essential for developing the idea of stem cell niches:
Above a certain threshold, an increase in the amount of transplanted cells
did not change the total amount of differentiated cells that were eventually
generated, suggesting that the hematopoietic system reaches a saturation limit
of the stem cells it can accept. Based on these findings, it was proposed that
there is a limited number of specialized locations able to support the HSCs,
and the concept of the stem cell niches as such supportive microenvironments
was postulated by Schofield in 1978 [Schofield, 1978].
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In 2000, a stem cell niche was observed in vivo and for the first time
molecularly characterized in the Drosophila ovary [Xie and Spradling, 2000].
Since then other stem cell niches in the fly, such as testis and gut, have been
studied, taking advantage of the powerful tools of Drosophila genetics.
1.2 The Drosophila testis stem cell niche
Despite all the recent advances in the research on the mammalian stem cell
niches, they can be quite complex for detailed analysis. Drosophila melanogaster
has therefore remained a valuable model organism for studying fundamental
questions about niche biology: The Drosophila stem cell niches have simpler ar-
chitecture, but are built on the same principles as their vertebrate counterparts
and give important insights into stem cell regulation.
The stem cell niche of the Drosophila testis has been widely used for
studying stem cell niche function. On the one hand, there are just five main
cell types; on the other, the system includes two different stem cell types, both
regulated in a coordinated, but independent way [Losick et al., 2011].
The organizing center of the testis niche is the hub - a group of approxi-
mately 10 terminally differentiated non-dividing cells (Figure 1.1) [Kiger et al.,
2001]. Two stem cell populations, the germline stem cells (GSCs) and the
cyst stem cells (CySCs), are grouped around the hub, the GSCs immediately
surrounding it and the CySCs forming a second tier of cells contacting the
hub with their protrusions [Hardy et al., 1979]. Under normal conditions, the
GSCs divide asymmetrically, generating one GSC replacing the mother cell
and one gonialblast, a transient progenitor cell, which in turn divides four
more times, giving rise to spermatogonial clusters of 2, 4, 8 or 16 cells. At the
same time, CySCs divide at the hub and produce postmitotic cyst cells (CyCs)
in a ratio of roughly two cyst cells per gonialblast. Two cyst cells envelop
the gonialblast forming a cyst and grow with it during the entire process of
spermatogonial divisions and sperm maturation without additional cyst cell
divisions.
5
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cyst cells
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CySC
gonialblast
spermatogonial clusters
differentiation
Figure 1.1: The structure of the testicular stem cell niche
In the Drosophila testis, the niche provides regulation for both stem
cell types through several signalling pathways. For the CySCs, the hub
is the source of Unpaired (Upd) and Hedgehog (Hh), ligands that in the
CySCs activate Jak/Stat and Hh signalling cascades. These pathways have a
shared target Zfh1 [Fortini et al., 1991], a homologue of the mammalian Zeb1
transcriptional regulator and the only existing histochemical marker for the
CySCs [Leatherman and DiNardo, 2008] (Figure 1.2). Both niche pathways
are required for the maintenance and proliferation of the CySCs [Tulina and
Matunis, 2001, Michel et al., 2012, Amoyel et al., 2013], as their inactivation in
single CySCs leads to their loss from the stem cell pool through differentiation
into CyCs. Loss of their common target Zfh1 leads to the same phenotype
[Leatherman and DiNardo, 2008].
However, gain-of-function experiments with Jak/Stat and Hh path-
ways in the CySCs demonstrate a difference in function of these pathways:
Overactivation of the Jak/Stat pathway in the CySCs leads to the expansion of
Zfh1 positive cells that do not differentiate; instead, they ectopically express
6
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DE-Cad Zfh1
DAPI
Zfh1 DE-Cad
Figure 1.2: zfh1 (green) expression in the testis. DE-Cadherin (red) marks the hub
and the cell membranes, DAPI stains the nuclei. zfh1 is present in the first tier of
somatic cells surrounding the hub. Scale bar=10 µm
the BMP family ligands dpp and gbb, normally secreted by the hub, and thus
start performing the niche function for the GSCs, which leads to generation
of mixed lineage stem cell-like tumours filling the entire testis [Leatherman
and DiNardo, 2008]. Similar results were obtained by the Bo¨kel lab for overac-
tivation of the Notch pathway, where the mutant stem cells start expressing
different hub markers including Hh, Upd, and FasIII, and begin acting as a
niche for wildtype CySCs (M. Michel, unpublished data).
These observations recall the findings on the mammalian gut made by
the Clevers lab [van Es et al., 2012, Stringer et al., 2012, Tetteh et al., 2016], who
also found that the boundaries between niche, stem cells, and differentiated
cells are dynamic and flexible.
In contrast, the activation of the Hh pathway via clonal inactivation
of its negative regulator Patched leads to a moderate expansion of the Zfh1
positive stem cell pool. However, these cells maintain the ability to differenti-
ate [Michel et al., 2012]. A similar phenotype was observed for the activation
of Yorkie (Yki), an oncogenic transcription factor of the growth-controlling
Hippo signalling pathway, which had been placed genetically downstream
of the Hh signalling pathway [Amoyel et al., 2014]. Activation of both these
pathways can thus genetically uncouple proliferation and differentiation, two
essential aspects of stem cell behaviour.
7
CHAPTER 1. INTRODUCTION
1.3 Challenging the dogma
According to the commonly accepted model, the role of the niche is to help a
potential stem cell to make a binary decision between stemness and differen-
tiation [Mikkers and Frise´n, 2005, Fuller and Spradling, 2007]. The decision
is made by the cell upon integrating the signals it receives from the niche,
which together repress the default differentiation programme. However, the
results describe above demonstrate that this cannot be true for all stem cell
systems: Manipulating niche activity at the level of the signalling pathways
allows uncoupling various aspects of stem cell behavioural output, and can
generate intermediate cell fates of stem cells exhibiting some niche properties.
Clearly, that should be impossible if the niche simply helps stem cells choose
between two alternative fates, stemness and differentiation.
As an alternative hypothesis I would therefore like to propose a new
’micromanagement’ model, whereby the role of the niche is to directly con-
trol all downstream aspects of stem cell behaviour.
In its radical consequence, it could even be speculated that there may
be no fundamental difference between niche cells, stem cells, and their differ-
entiating progeny, except for the dynamic properties managed by the niche.
This model would also fit well with the observed plasticity in the intestinal
stem cell system [Tetteh et al., 2016].
To prove this hypothesis, the link between the niche signalling input
and the cell behaviour output needs to be demonstrated on the genetic and
molecular level. In particular, it needs to be shown that individual pathways
control distinct subsets of cell behaviours, independent of the other pathways
and behaviours.
As a test case I decided to study how Hh and Jak/Stat pathways control
cyst stem cell proliferation in the fly testis stem cell niche via their common
target Zfh1.
8
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In my thesis, I have therefore addressed the following questions:
• What are the transcriptional targets of Zfh1 in the CySCs?
• Which Zfh1 targets are responsible for CySC proliferation control?
• Does Zfh1 control of CySC proliferation occur independently of the
other aspects of stemness?
To answer these questions, I have performed research in three main
directions:
• generation of the fly tools by the CRISPR/Cas9 gene editing tech-
nique
• screening for Zfh1 binding sites by genome-wide in vivo DamID pro-
filing
• genetic experiments to validate the role of discovered Zfh1 targets in
CySC proliferation and its independence from other aspects of stem-
ness.
9

Chapter 2
Results
2.1 Generation of the fly tools. The CRISPR/Cas9
system
2.1.1 Novel gene editing tools in Drosophila melanogaster
Traditionally Drosophila melanogaster has been widely used as a model organ-
ism for forward genetic research since its popularization by work of Thomas H.
Morgan, culminating in the Nobel-prize winning genetic screen for the early
developmental genes by E. Wieschaus and C. Nu¨sslein-Volhardt [Nu¨sslein-
Volhard and Wieschaus, 1980]. However, until recently the reverse genetics
toolbox was quite limited in the fruitfly.
The availability of the Drosophila genome sequence, completed in 2000
[Adams et al., 2000], and the recent technological advancements in genome
targeting have considerably changed the situation in the last years. The use of
sequence-specific nucleases, such as zinc finger nucleases (ZFNs) [Bibikova
et al., 2002, Bibikova et al., 2003], TALENs (transcription activator-like effector
nuclease) [Joung and Sander, 2012] and CRISPR/Cas9 [Richter et al., 2013,
Gratz et al., 2013], alone or in combination with templates for homologous
recombination now allows to target and edit practically any gene of interest.
11
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The common basis for these methods is the generation of a double-strand
break in the specific genomic location, but the efficiency, labor intensity and
cost vary. While the ZFNs and TALENs employ protein-DNA interactions
for specific sequence targeting, and CRISPR/Cas9, achieve recognition via
RNA-DNA homology of the target region, simplifying the reagent generation
steps.
The CRISPR/Cas9 system has been a major advancement in the DNA
editing field. In the most popular variation on the endogenous CRISPR/Cas
type II system [Bikard et al., 2013], there are two necessary components: the
Cas9 nuclease and a guiding RNA (gRNA) (Figure 2.1). The gRNAs recognize
a specific region of the DNA via a 20 bp homology region and are then bound
by the Cas9 nuclease, which makes a double-strand break in the target DNA.
It can then be repaired via non-homologous end joining or, in the presence of
the template, via homologous recombination [Sander and Joung, 2014].
gRNA
Cas9
DNA cleavage sites
Figure 2.1: Principle of the CRISPR/Cas9 targeting method. The gRNA has a
homology region to the target DNA and a Cas9-interacting loop. Cas9 nuclease is
recruited to the gRNA-DNA complex and creates a blunt double strand break in the
target sequence
Due to its high efficiency as well as the simplicity of the cloning proce-
dure, CRISPR/Cas9 system has been the method of choice for several gene
modifications in this work.
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2.1.2 Deletion in the ebony gene
1kB
0.9 kb deletion
ebony
gRNA1 gRNA2
Figure 2.2: ebony gene region. The expected deletion is indicated in blue
To establish the CRISPR/Cas9 technology in our lab, I knocked out
ebony, a gene involved in melanin metabolism. Its homozygous mutants have
a darker cuticle pigmentation [Bridges and Morgan, 1923, Richardt et al.,
2003], making it a commonly used visual phenotypic marker. I designed a
pair of gRNAs to target one of the exons of ebony with a distance of 0.9 kb
between their target sites (Figure 2.2). The plasmids encoding the gRNAs
were coinjected with the Cas9-encoding plasmid into the white- fly line. The
injection was made into the posterior pole of the embryo at the stage of
syncytial blastoderm, where the pole cells form from which the germline is
generated later in development.
w +
+
; ;
w e deletion?
+
; ;G0:
w
w
e
e
; ;x
w
w or
; ;
e deletion?
e
F1:
Figure 2.3: The crossing scheme for ebony mutant detection. G0 mosaic males
were backcrossed to transheterozygous ebony virgins. F1 progeny with a successful
deletion displayed the ebony phenotype
G0 survivor flies expected to have a mosaic germline were backcrossed
to a transheterozygous ebony stock. The frequency of induced mutation could
thus be assayed directly in the F1 generation. Out of 38 G0 founders, 11 had at
least one mutant fly in their progeny. Subsequently I assayed the presence of
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the expected deletion by PCR, using primers spanning the deletion region for
10 of the mutant lines. In eight of them, two PCR bands of 3.5 and 2.6 kb were
detected, corresponding to the predicted deletion along with the wild type
allele. The other mutant lines possibly contained only a short indel below gel
resolution at a single gRNA target site.
2.1.3 zfh1 isoform specific knockouts
The zfh1 coding sequence is 17 kb long (Figure 2.4), and together with the
regulatory regions the gene size potentially extends up to 50 kb. Because of
this we cannot use the traditional plasmid-based transgenic approaches to
modify the gene. Therefore I applied CRISPR for a number of purposes while
working with zfh1, such as specifically deleting selected exons or generating
the fusion proteins with GFP or Gal4 (see Sections 2.1.4 and 2.1.5).
zfh1-RB
1kB
¨5$¨5%
zfh1-R$ 
zfh1
gRNA3
gRNA4
gRNA1
gRNA2
Figure 2.4: zfh1 gene region. Deletions in the first exons of both isoforms are
indicated in blue
Expression of zfh1 isoforms
The Zfh1 protein has two predicted isoforms, RA and RB (Figure 2.4). The ma-
jority of the sequence is shared, including seven zinc finger domains and one
homeodomain. The RB isoform is longer and includes two additional zinc fin-
ger domains. Because of the long distance between the transcription start sites
of both isoforms, potential regulatory regions may be non-overlapping, possi-
bly allowing for differential transcriptional regulation of both isoforms.
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RA RB tj
150
200
250
bp
tj (220bp)
RA (219bp)
RB (202bp)
Figure 2.5: zfh1 isoform expression in the testis. The expected cDNA amplification
products for the RA and RB isoforms and for the internal control (traffic jam, tj)
visualized by ethydium bromide staining in the agarose gel
I therefore performed an RT-PCR of the whole testes to determine which
isoform is expressed in the testis tissue. One of the primers for each isoform
was spanning the exon-exon boundaries, thus allowing me to specifically
obtain the product from cDNA irrespective of contamination with genomic
DNA. Both isoforms were detected by the PCR (Figure 2.4), leading to the
question about the role of each isoform.
zfh1 isoform specific deletions
To investigate the function of zfh1 isoforms in the testis, I generated the specific
knockouts of each isoform. Because zfh1 is required early in development, and
its amorphic mutations are homozygous lethal [Broihier et al., 1998], I decided
to preselect potential deletion events through non-complementation of a
deficiency removing the entire zfh1 gene (Figure 2.6). In contrast to the ebony
experiment, Cas9 was provided by a transgene expessing Cas9 specifically
in the germline under the vasa promoter. The vasa-Cas9 fly embryos were
injected with two plasmids encoding two gRNAs that, when acting together,
should generate a deletion of a large part of the first exon of each isoform
(Figure 2.4).
I then crossed out single F1 males to Df(3R)Exel9020, a deficiency span-
ning the entire zfh1 gene. I then screened F2 progeny for the absence of the
flies carrying a presumable zfh1 mutation over the zfh1 deficiency allele, and
recovered the deletion lines by crossing out the balanced siblings.
15
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Figure 2.6: The crossing scheme for the zfh1-RA deletion. G0 founders were out-
crossed to balancer virgins. Single balanced F1 males carrying the Stubble (Sb)
marker were crossed to balanced deficiency virgins carrying the same Sb marker plus
a w+ eye color marker to distinguish the balancers. The absence of non-Sb flies in the
F2 generation indicates that the potential deletion chromosome fails to complement
the deficiency, and stable stocks can be recovered from the w+ balanced siblings
A B¨5$
500

bp
¨5$WT
]IK¨5$ ]IK¨5%
]IK5%:7
(695bp)
]IK¨5%
ES
 2   5  2  
)RXQGHU )RXQGHU
Figure 2.7: zfh1 isoform-specific knockouts.
A, Zfh1-∆RA knockout lines. The bands in the agarose gel demonstrate a full-size
1 kb PCR product of the wild-type line, a 500 bp product of one of the deletion lines
(4.1) and a ≈1 kb product from one of the lines with a short indel (5.1).
B, Zfh1-∆RB lines. A positive pool of 9 lines’ DNA is analyzed individually for the
RB deletion. The lines 10-1, 10-4, 15-2 and 15-3 demonstrate the presence of the
expected 200 bp deletion
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For the RA isoform, 4 deletion lines were recovered out of 47 indepen-
dent F1 males. I have studied the nature of the deletions in each of these
lines by sequencing. Two of them had an almost identical 500 bp deletion,
resulting from the targeting by two gRNAs. The other two had minor in-
dels in the middle of the first exon coming from a single gRNA targeting
(Figure 2.7A).
w vas::Cas9
w vas::Cas9
Sco
CyO;
+
+;G0:
2x U6-gRNA
2x U6-gRNA; ;
+
+
wx
F1:  w vas::Cas9 Sco or CyO
2x U6-gRNA; ; ww
e croc
TM3, Sb; ;
+
+x
F2:  single  w Sco or CyO
+; ; TM3, Sb
w
w
e croc
TM3, Sb; ;x
Establish stocksScreen pools of 10 lines by PCR
Figure 2.8: The crossing scheme for the zfh1-RB deletion. Males ubiquitously
expressing two gRNAs were crossed to vasa-Cas9 virgins. F1 males expressing both
Cas9 and gRNAs in the germline were outcrossed to balancer virgins. F2 males
lacking the gRNA chromosome were outcrossed to screen the progeny by PCR and
establish the stocks
In case of the RB isoform, no deletion lines were recovered by a failure
to complement Df(3R)Exel9020. The possible reasons for this could include a
low efficiency of the particular gRNAs I used, or the inability of the screening
method to detect the RB deletion, possibly because of its non-lethality. I there-
fore changed both the transgenesis step and the detection method (Figure 2.8).
I generated a transgenic line expressing two gRNAs under the ubiquitous U6
snRNA promoter, which gives more stable gRNA expression compared to the
transient expression of the injected gRNA-encoding plasmid, and crossed it to
17
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a vasa-Cas9 line. I then performed screening of the potential deletion lines by
PCR, first in pools of 5-10 lines and then for each individual line of one of the
positive pools (Figure 2.7B). Four out of nine individual F1 males analyzed
carried an expected deletion.
A
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5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
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Figure 2.9: Effects of zfh1 isoform knockouts on the CySC behaviour.
A, Zfh1-RB deficient testis (zfh1-∆RB/Df(3R)Exel9020). Anti-Zfh1 staining (red)
shows the presence of the RA isoform in the CySCs. DE-Cadherin (green) marks the
hub. Scale bar=10 µm
B, Zfh1-∆RA CySCs are lost from the niche. Ratio of the number of the clones in
the niche to the total number of clones for each testis is significantly lower for the
Zfh1-∆RA clones compared to control
The zfh1-∆RB flies were not only surviving over the Df(3R)Exel9020 de-
ficiency, explaining the failure of the previous screening strategy, but were also
homozygous viable and fertile. The testes of the Zfh1-RB deficient flies had a
normal morphology without any detectable phenotype (Figure 2.9A).
In contrast, homozygous Zfh1-∆RA cells were already after 48 hours
almost exclusively recovered in the differentiated cyst cell region of the testis
and thus exhibit the same rapid loss from the stem cell niche phenotype as
described for the zfh1 loss-of-function homozygous clones [Leatherman and
DiNardo, 2008]: 23 out of 25 Zfh1-∆RA clones were found outside of the stem
cell compartment (Figure 2.9B). Therefore, the RA isoform is essential for the
CySC maintenance.
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2.1.4 Generation of a zfh1-GFP fusion reporter
I have successfully used the CRISPR/Cas9 technique to generate knock outs
in the ebony and zfh1 genes. If the generation of double-strand breaks is
combined with a template-based homologous recombination, it can increase
the efficiency of homologous recombination in flies [Port et al., 2014]. I have
therefore used this approach to generate a knock in GFP line for the zfh1.
Zfh1 zfh1-GFP
Zfh1
zfh1-GFP
DE-Cad
1kB
TGA
zfh1-RA 
zfh1
zfh1-RB 
GFP white
B 
A 
Figure 2.10: C-terminal GFP tagging of Zfh1 produces a functional fusion protein.
A, zfh1-GFP generation. The GFP sequence replaces the Zfh1 stop codon. The insert
and the 3’ UTR are drawn not to scale. white+ marker is flanked by loxP sites.
Two gRNA target sites in the 3’ UTR are indicated by the blue arrows. Possible
recombination between the homology regions is shown by brown crosses
B, zfh1-GFP reporter expression (green) recapitulates the endogenous zfh1 expression
(red). DE-Cadherin (blue) marks the hub. Scale bar=10 µm
I have generated a recombination template plasmid that included 1 kb
homology arms with the GFP insert in between. The zfh1 stop codon was
replaced by the GFP sequence (Figure 2.10A). The homology arms excluded a
100 bp region in the 3’UTR zfh1, which was targeted by two gRNAs, to prevent
Cas9 from cutting the recombination plasmid. I chose to take two gRNAs
19
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instead of one supposing that generation of the deletion instead of a double-
strand break could increase the chances of the template-assisted homologous
recombination versus the non-homologous end joining. The plasmid included
the white+ eye color marker between the recombination arms flanked by loxP
sites, enabling me to efficiently screen the F1 generation for the successful
recombination event and to later remove the visible transgenesis marker.
Among the F1 progeny of one out of six injected survivors, I obtained
seven flies with the white+ marker. For two of them, I have established
balanced lines and confirmed their identity by PCR and immunostaining with
the anti-Zfh1 antibody (Figure 2.10B).
Even without removing the white+ marker, zfh1-GFP flies were ho-
mozygous viable and fertile, and the GFP expression pattern was the same as
for the balanced heterozygous flies. Therefore I concluded that the C-terminal
fusion to Zfh1, a 100 bp deletion in the 3’ UTR and the presence of the marker
did not disrupt the functionality of the protein.
2.1.5 Generation of a zfh1-T2A-Gal4 driver line
The Gal4/UAS system
To be able to manipulate gene expression exclusively in the CySCs, I made
use of one of the best developed driver systems in Drosophila. The Gal4-
UAS system [Brand and Perrimon, 1993], imported from yeast, consists of a
driver Gal4 line and an upstream activating sequence (UAS), which upon Gal4
binding leads to the expression of the gene downstream of it (Figure 2.11).
The Gal4 repressor Gal80 or its thermosensitive version Gal80ts [McGuire
et al., 2003] adds another level of control. It is expressed ubiquitously from
a tubulin promoter, but can be removed by recombination to allow the Gal4-
driven expression in single cells whose fate can then be tracked, or it can
be inactivated globally by temperature shift, specifying the expression time
window.
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tissue specific driver Gal4
tissue specific driver Gal4 tubulin promoter Gal80
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UAS effector geneUAS effector gene
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Figure 2.11: The principle of the Gal4/UAS/Gal80 system. A, in the absence of Gal4
there is no transcription of the effector gene. B, upon binding of Gal4 to UAS the
effector gene is transcribed in a tissue-specific manner. C, in the presence of the Gal80
repressor transcription activation by Gal4 is blocked
Generation of zfh1-T2A-Gal4 flies
A cell-type specific driver is essential for studying and manipulating gene
expression exclusively in these cells, but it did not exist for the CySCs. Since
Zfh1 is expressed in the stem cells and is quickly degraded in the differenti-
ated progeny [Leatherman and DiNardo, 2008], I have created a zfh1-Gal4
driver line for the CySC specific expression. As the zfh1-GFP experiment
demonstrated that C-terminal fusion to Zfh1 produces a functional protein,
I replaced the zfh1 stop codon with the Gal4 coding sequence. However, to
make the Gal4 fully functional, it needs to be produced as a separate pro-
tein. Therefore I inserted the T2A ’self-cleaving’ peptide [Szymczak et al.,
2004] sequence between zfh1 and Gal4 (Figure 2.12A). This way of linking
generates a single mRNA for both Zfh1 and Gal4, which then produces two
independently diffusing proteins via cotranslational separation. This allows
the equimolar production of Gal4 and Zfh1.
I have used the same recombination approach for the generation of the
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zfh1-T2A-Gal4 line as for the zfh1-GFP. Among the progeny of around 100
G0 survivors, three independent transgenic lines were found. Their identity
was confirmed by sequencing of the genomic region of recombination. The
resulting zfh1-T2A-Gal4 flies are subviable over the zfh1 deficiency (62% of
expected transheterozygous flies present) and show decreased male fertility.
The excision of the white+ marker restores viability to the Mendelian ratio and
rescues the male fertility.
The zfh1-T2A-Gal4-driven nuclear RFP expression in larva was present
in various tissues with reported zfh1 expression [Lai et al., 1991, Broihier
et al., 1998], such as the nervous system, the heart, the musculature and the
gonads (Figure 2.12B). In the adult testis, RFP expression was confined to
the CySCs, corresponding to the endogenous presence of Zfh1 in these cells
(Figure 2.12C).
The tools I generated thus allowed me to visualize Zfh1 positive cells
in vivo and for the first time to target transgene expression to the somatic stem
cells.
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Figure 2.12: zfh1-T2A-Gal4 driven expression of UAS-RedStinger (nuclear RFP) in
the larva and adult fly testis.
A, the scheme of the zfh1-T2A-Gal4 generation. The T2A-Gal4 cassette replaces the
Zfh1 stop codon. The insert and the 3’ UTR are drawn not to scale. white+ marker is
flanked by loxP sites. Homology arms in the donor plasmid are omitted for clarity.
Two gRNA target sites in the 3’ UTR are indicated by the blue arrows
B, RFP fluorescence of zfh1-T2A-Gal4 UAS-RedStinger L3 larva. The arrows indicate
the expression of zfh1 in the gonads
C, RFP fluorescence of zfh1-T2A-Gal4 UAS-RedStinger in the adult testis. RFP
expression (red) recapitulates the endogenous zfh1 expression (blue). DE-Cadherin
(green) marks the hub. Scale bar=10 µm
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2.2 The DamID screen
2.2.1 DamID transcriptional profiling
I chose the DamID transcriptional profiling technique [van Steensel and
Henikoff, 2000] to investigate the interactions of Zfh1 and its gene targets in
vivo. This method has two advantages. First, it allows to look for repressed
genes, which would not be straightforward with an RNA sequencing based
approach. In that case one would have to apply a subtracting method to
identify the genes absent from the transcriptome of the CySCs compared to
the differentiated cells. However, most of these changes would be expected
to be a result of differentiation, but not necessarily caused directly by Zfh1.
Additionally, the DamID modification for Drosophila applications, targeted
DamID (TaDa) [Southall et al., 2013], eliminates the difficulties of the isolation
of the small population of CySCs from a compact testis tissue. The method
allows to study the transcription factor (TF) targets selectively in a subpopula-
tion of cells in vivo without the need for their isolation, such as in one hundred
neuroblasts in half million cells of the whole Drosophila head [Marshall et al.,
2016].
DamID (Figure 2.13) involves the expression of a bacterial methylase
Dam, which recognizes GATC motifs and deposits methyl groups on the
adenines, fused to a DNA interacting protein of interest to limit its activity
to the regions of DNA bound by that protein [van Steensel and Henikoff,
2000]. The interaction can be either direct or involving more protein-protein
interactions. Afterwards it is possible to map the methylation marks using
methylation sensitive restriction enzymes. The result is compared to the
mapping data from the control experiment, where untethered Dam is used.
Peaks are identified as sites of local enrichment of reads from the fusion
sample over the Dam control.
DamID yields data largely corresponding to the chromatin immuno-
precipitation (ChIP) results [Sun et al., 2003, Song et al., 2004, Tolhuis et al.,
2006]. DamID provides several advantages compared to ChIP. First of all,
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Figure 2.13: The principle of DamID. When the protein of interest binds to DNA
directly or via additional factors, Dam methylates adenines in the proximal GATC
motives. DpnI digests methylated GATC sites, which are then ligated to the adapter
DNA. DpnII then digests all other GATC sites, generating fragments with two, one
or no adapters on the ends. PCR with adapter-specific primers amplifies only the
fragments corresponding to two neighbouring GAmTC sites
it does not require antibody generation or large sample volumes. Secondly,
the methylation marks are deposited on all bound regions during the Dam
expression interval, and thus provide not only the dynamic interaction in-
formation as ChIP, but the full history of TF interaction with genomic DNA
during this time window. E.g., it is possible to observe the RNA polymerase II
gene occupancy and distinguish between poised for transcription or actively
transcribed genes [Southall et al., 2013].
The main disadvantage of DamID is the low resolution of the peaks.
Since the method detects the fragments between two GATC motifs that has
been methylated, the GATC motifs average distribution in the genome limits
the minimal width of the peak to about 190 bp [Marshall et al., 2016] in
Drosophila. The high sensitivity of the method could also be a disadvantage,
as it detects even transient interactions.
The essential requirement of the DamID experiment is that the methy-
lation level has to be kept very low (below the western blot detection levels),
as Dam is toxic to the cells, and high levels of Dam can dramatically increase
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the background. In the TaDa modification [Southall et al., 2013] I have used,
the expression levels of Dam are decreased by inserting a leader ORF called
LT3 that contains the entire mCherry ORF followed by two stop codons and a
frame shift before the Dam start codon.Dam transcription thus only happens
in the rare events of translation reinitiation (Figure 2.14, top).
mCherry
TAA TAA C ATG
Dam
5x UAS
pUAS-LT3-Dam
mCherry
TAA TAA C ATG
DamZfh1-RB
5x UAS
pUAS-LT3-Zfh1-Dam
Figure 2.14: Design of Dam and zfh1-Dam expressing lines. Two stop codons and
a frame shift preceding the start codon of the second ORF effectively reduce the
expression levels of the second transcript. Dam is fused to the zfh1 C-terminus
The DamID screen for the Zfh1 targets was established in our lab in the
Drosophila S2 cells (E. Albert, unpublished) and yielded a list of about 1000
genes, including genes involved in processes controlled by Zfh1, e.g. myoblast
fusion (mbc, rost) or gonad development (foi). In addition, the data set con-
tained regulators of proliferation (trbl, brat) and signalling molecules (kibra),
as expected if Zfh1 was involved in proliferation control. This encouraged us
to perform the DamID experiment in vivo in the testis.
2.2.2 DamID in the CySCs
Based on the described UAS-LT3-Dam line ([Southall et al., 2013], gift of
A. Brand), I generated the corresponding UAS-LT3-zfh1-Dam line (Figure 2.14)
using the same attP2 landing site [Groth and Calos, 2004] for the construct in-
tegration. Dam was fused to the Zfh1 C-terminus, as the zfh1-GFP experiment
demonstrated the functionality of the resulting fusion proteins. To effectively
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suppress the Dam and zfh1-Dam expression at the permissive temperature,
I recombined a copy of the Gal80ts repressor to all three lines used for the
experimental crosses.
I then crossed the Gal4 line to both Dam lines and induced transgene
expression in the adult progeny for 24 hours at 30◦C. I verified the absence
of leakiness of the Dam transgene by using the sibling controls lacking Gal4,
and verified the tight suppression at low temperatures uninduced males. We
dissected the testes from 50 males per sample and replica together with Eugene
Albert, who then isolated the DNA and generated the fragment libraries for
the next-generation sequencing.
3.1 E -05
0 - 1000
0 - 1000
sav
1kB
Zfh1-dam
dam
A sav 
0 - 1000
0 - 1000 Zfh1-dam
dam
kibra
1kB
0.003
B kibra
Figure 2.15: DamID peaks of salvador (A) and kibra (B). Top tracks demonstrate
mapped reads of the Zfh1-Dam samples and bottom tracks of the Dam controls.
Gene structures are indicated below the tracks. Peaks identified by the bioinformatic
analysis are highlighted with blue lines. P-values below the peaks show the peak
significance
We have repeated the same experiment twice and observed a Spearman
correlation of ρ=0.97 between replicas. Hence we did not perform any addi-
tional replica experiments. The bioinformatic analysis (E. Albert, C. Bo¨kel,
unpublished) of the sequencing results for the DamID in the CySCs accord-
ing to the damidseq pipeline [Marshall and Brand, 2015] generated a list of
around 800 candidate genes with an enrichment in a limited number of gene
ontology groups (Panther GO-Slim, [Mi et al., 2016]), one of which was signal
transduction.
We then examined the list manually for the signalling genes and genes
involved in proliferation and discovered a subgroup of the Hippo signalling
pathway components, such as kibra, salvador and mats. Comparison with
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the data of the S2 cells screen revealed that the Hippo pathway components
kibra, salvador, expanded and warts are targets of Zfh1 binding in the S2 cells
(Figure 2.15). As the Hippo pathway is a universal growth regulator, I have
focused my subsequent research on studying its role in CySC proliferation
and its relationship with Zfh1.
2.3 The Hippo pathway components in the CySCs
2.3.1 The Hippo pathway activity
Kibra  Merlin  
Expanded 
Hippo 
Mats 
S
al
va
do
r  
Warts 
Yorkie 
 
Figure 2.16: The Hippo pathway in D. melanogaster. Kib/Ex/Mer membrane
complex positively regulates Hippo. Salvador facilitates Warts phosphorylation by
Hippo. Warts in association with Mats phosphorylates and inactivates Yki. Genes
discovered in the DamID screen as potential zfh1 targets in the CySCs are shown in
red and in the S2 screen in bold
The Hippo/Salvador/Warts pathway is known to regulate growth,
proliferation and apoptosis [Udan et al., 2003, Pantalacci et al., 2003, Wu et al.,
2003, Harvey et al., 2003].
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It is composed of the core kinase cascade (Figure 2.16), where Hippo
phosphorylates Warts, and Warts phosphorylates and inactivates Yorkie (Yki).
Yorkie is a transcriptional coactivator required for the TEAD transcription
factor Scalloped binding to DNA and the key effector of the Hippo pathway.
In the active state, the Hippo pathway keeps Yki repressed and prevents
transcription of the pathway targets, such as cyclin E and diap1 (Drosophila
inhibitor of apoptosis protein 1).
To study the Hippo pathway activity in the stem cells, I have used a
diap1-GFP4.3 reporter [Zhang et al., 2008]. It consists of the GFP sequence
under a diap1 enhancer element and leads to the GFP expression in the cells
where Yki is active (i.e., the upstream Hippo pathway is inactive in these
cells). In the testes, Yki activity is mainly restricted to the Zfh1 positive cells
(Figure 2.17): Double positive cells constitute 89% of all Zfh1 positive cells
and 82% of all HRE-positive cells (testes n=8). This discrepancy could be
explained by the slight differences in Zfh1 and GFP protein maturation rates
and stability.
overlay
Zfh1
DIAP-GFP
Zfh1
DE-Cad
Zfh1
FasIII
FasIII
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overlay
Figure 2.17: Yki activity in the testis is largely confined to the Zfh1 positive cells.
Anti-Zfh1 antibody (blue) stains the CySCs; diap1::GFP4.3 (green) shows the activity
of Yki; anti-FasIII (red) marks the hub. Scale bar=20 µm
I then asked if Yki is active in the additional Zfh1 positive cells gener-
ated by zfh1 overexpression in the CySCs. I have used the c587::Gal4 driver
line specific for the CySCs and early cyst cells [Kawase et al., 2004] to drive
the expression of Zfh1. After 10 days, which is sufficient to induce a mild ex-
pansion phenotype, but not a tumour filling the whole testis, I have observed
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the expansion of the GFP positive cells corresponding to the diap1-GFP4.3
reporter activity, measured as the projected distance to the hub centre (Fig-
ure 2.18). Importantly, the GFP positive cells could be detected far outside of
the range of the niche signalling, suggesting that Yki activity in the expanded
cell population is the direct result of Zfh1 activity.
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Figure 2.18: zfh1 overexpression in the CySCs leads to the expansion of cells with
Yki activity.
A, maximal projection images of the testis tip. diap1::GFP4.3 (green) shows the
activity of Yki; anti-FasIII (blue) marks the hub. Left image shows the control, right
image demonstrates the testis after 10 d of zfh1 overexpression. Scale bar=10 µm
B, the average distance from the hub for the GFP-marked cells is significantly increased
by zfh1 overexpression
After I have found that the Hippo pathway is repressed in the Zfh1 pos-
itive cells, I then proceeded to the analysis of the single pathway components
identified as potential Zfh1 targets.
2.3.2 MARCM analysis
Since the Hippo pathway components are mostly embryonic lethal, I analyzed
their loss of function phenotypes in individual cells. To this end, the clone-
marking technique called MARCM (mosaic analysis with a repressible cell
marker; [Lee and Luo, 1999]) was used. It allows generating individual cells
homozygous mutant for a gene of interest while also marking them with a
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fluorescent protein.
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Figure 2.19: The principle of MARCM. The mother cell carries both the mutation of
interest and the Gal80 repressor, which suppresses the Gal4-driven RFP expression.
Heat-shock induced recombination between the FRT sites after the DNA replication
and subsequent mitosis can lead to the generation of two homozygous cells. The
daughter cell which is homozygous mutant contains no Gal80 and is marked by RFP
expression. Modified from [Lee and Luo, 1999]
This method is based on the heat-shock induced recombination between
the two chromosomes, one of which contains the mutation and the other the
Gal80 repressor, in the heterozygous cells after the DNA has been duplicated.
Subsequent mitosis can separate Gal80 and the mutation of interest into two
homozygous cells, leading to the fluorescent protein expression in the mutant
cell.
As a fluorescent marker, I have used RFP a the nuclear localization
signal, marking the nuclei of the individual homozygous cells. I have used
the c587-Gal4 driver to exclusively mark the clonal cells of the somatic lineage.
Since the cyst cells are postmitotic, all divisions in this lineage happen in the
CySCs. As a consequence, all marked cells are initially generated within the
stem cell compartment and can provide the information about the effect of
the generated mutation on the CySC behaviour.
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2.3.3 Role of Kibra in the CySCs
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Figure 2.20: Kibra clone population expands relative to the wild type cells.
A, top images demonstrate kibra clone expansion (red) in the testis tip 3 days after
clone induction (ACI) compared to the control clones (red, bottom images). Anti-Zfh1
staining (green) in the overlay images is provided for orientation. Scale bar=20 µm
B, quantification of kibra clones expansion effect
I tested in more detail one of the potential target genes, kibra, a regu-
lator of the Hippo pathway (see Figure 2.16). Kibra is a membrane protein,
which forms an apical protein complex with Expanded and Merlin facilitating
the transduction of growth signals to the core kinase cascade of the Hippo
pathway [Baumgartner et al., 2010, Yu et al., 2010, Genevet et al., 2010]. Ki-
bra is a positive regulator of the Hippo pathway, repressing Yki-mediated
proliferation, and thus is a tumor suppressor.
First I applied the MARCM technique to study the loss of function effect
of kibra. Because only cyst stem cells can divide and generate cells marked by
RFP, while the produced cyst cells are postmitotic, the observed RFP-positive
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cell numbers only depend on CySC behaviour upon clone induction. Loss of
Kibra in clones leads to the increase in cell numbers (Figure 2.20) in 3 or 5 days
after clone induction as compared to the control clones with the wild-type
chromosome. I decided to study whether this expansion is due to the increase
in cell proliferation or to some secondary effect and performed a BrdU uptake
experiment.
0 
0.2 
0.4
0.6 
0.8
ra
tio
 B
rd
U
+  
 c
lo
ne
s
***
kibra clones
     control clones
RFP
RFP
BrdU
RFP
RFP
BrdU
kibra clones
control clones
A B
Figure 2.21: BrdU incorporation by kibra clones.
A, BrdU (green) uptake by kibra clones in the testis at 3 days ACI. A higher ratio of
kibra clones (red, top image) incorporate BrdU compared to the control clones (red,
bottom images). Scale bar=20 µm
B, quantification of BrdU incorporation by kibra and control clones. kibra clones have
a significantly higher proportion of dividing cells
BrdU is a nucleotide analogue, which can be incorporated into the
growing DNA chain. The nuclei of the cells in S-phase during BrdU exposure
can be visualized by anti-BrdU immunostaining. The average CySC cell cycle
length is 24 hours. I therefore chose an 8 hour BrdU pulse by feeding to
label only a subset of dividing cells to simplify the identification of individual
cells and to avoid saturation of the system, so that a difference between the
samples could be observed (Figure 2.21A). I have counted the proportion of
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BrdU-positive clones and observed a significant increase for the kibra clones
compared to the wild-type clones (Figure 2.21B). From this I concluded that
the kibra clones cycle more rapidly than the wild-type CySCs.
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Figure 2.22: Kibra clones retain the ability to differentiate.
A, Kibra clones are present both in the stem cell and differentiated compartments. On
the left, Zfh1 (blue) marks the CySCs and eya (green) the CyCs. On the right, the
same image is overlayed with the kibra clones (red). Scale bar=20 µm
B, no significant difference is detected between differentiation of kibra and control
clones evaluated by the Zfh1 positive ratio
Importantly, Kibra clones show a completely normal differentiation
pattern - they can either occupy a niche position or differentiate, as shown in
Figure 2.22A by co-staining with Zfh1 or differentiation marker Eyes absent
(Eya) [Fabrizio et al., 2003]. The proportion of Zfh1-positive clonal cells
is not different between Kibra and its control (Figure 2.22B). This shows
that proliferation control of CySCs via Kibra repression does not affect the
differentiation abilities of these cells.
2.3.4 Role of Salvador in the CySCs
Another presumable target of Zfh1 is a scaffolding protein Salvador (Sav).
It forms a complex with Hippo, facilitating phosphorylation of Warts (see
Figure 2.16). Like Kibra, Sav is a tumor suppressor. I have studied the
effect of its loss in the CySCs. For the early time points, such as 3 or 5 days
ACI, the effect on proliferation was not detectable. I therefore used clonal
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retention, another common method to assay changes in stem cell activity that
is better suited for long term experiments. I induced clones and quantified
the percentage of testes containing clones in the niche after 7 or 14 days ACI.
To validate this quantification method, I also applied it to Kibra, for which the
proliferation effect had already been proven. The results for both Kibra and
Sav showed a significant difference in retention of the clonal cells compared
to the control cells (Figure 2.23).
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Figure 2.23: Retention of kibra and sav clones in the testes after 7 and 14 days ACI
2.4 Interactions of Zfh1 and the Hippo pathway
So far I have demonstrated that the Hippo pathway components have an
effect on the CySC proliferation. However, to prove the hypothesis that Zfh1
controls the proliferation in CySCs via direct regulation of the Hippo pathway
components, I need to show the direct transcriptional link between Zfh1 and
its presumable targets, and for this I need to be able to measure the expression
levels of the target genes. To this end, I have generated several reporter
constructs for kibra and sav for in vivo analysis.
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2.4.1 Kibra GFP reporter
Kibra expression in the testis
Kibra is a membrane-associated protein [Baumgartner et al., 2010, Yu et al.,
2010, Genevet et al., 2010]. In the testis, it is highly expressed in the germline,
especially in spectrosomes and fusomes - bridging structures between the
incompletely divided spermatogonia [de Cuevas et al., 1997], as demonstrated
by the antibody staining (Figure 2.24). With this background, it it practically
impossible to allocate the membrane kibra expression to the individual CySCs.
I therefore decided to generate a nuclear GFP reporter, as the nuclei of the
cells can be readily distinguished.
DE-Cad kibra
kibra
zfh1
DE-Cad
Figure 2.24: kibra expression in the testis visualized by the antibody staining. kibra
(red) is present on the cell membranes (arrows), in the spectrosomes of the GSCs
(empty arrowhead) and in the fusomes of the spermatogonial clusters (filled arrow-
head). DE-Cadherin (blue) marks the hub; Zfh1 (green) marks the CySCs. Scale
bar=10 µm
Since kibra is 27 kb long not including the regulatory sequences, the
choice of the genetic manipulations is limited. As for zfh1-Gal4 construct, I
tried the CRISPR/Cas9-mediated homologous recombination to replace the
stop codon of kibra with the T2A-GFPnls cassette. However, after repeated
embryo injection attempts I failed to recover any transgenic lines. I therefore
used a different approach and obtained the Kibra-T2A-GFPnls reporter via
genome locus editing using the MiMIC technique [Venken et al., 2011], which
is based on the phiC31-mediated integration of the injected plasmid into one
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of more than 7000 available, mapped landing site lines [Nagarkar-Jaiswal
et al., 2015]. I generated a construct that included the exons 5-9 and the T2A-
GFP-nls cassette for the equimolar expression of kibra and nuclear localized
GFP and inserted it into the MiMIC site localized between exons 4 and 5
(Figure 2.25A). I validated the correct orientation of the insertion by PCR. The
GFP expression was observed strongly in the hub, as well as in the germline
and the somatic nuclei (Figure 2.25B).
I have quantified the levels of GFP expression in the hub, CySCs and
their immediate progeny. The CySC were identified as Tj-positive cells in the
first tier of cells around the hub. The expression in the hub was significantly
higher than in the CySCs. The differentiating cells had a 20% increase in
expression levels (Figure 2.25C).
These data demonstrate that in the testes, different populations of
somatic cells have kibra expression levels that negatively correlate with Zfh1
presence in these cells. However, one cannot conclude that the observed
effect is due to direct regulation of kibra by Zfh1 and not some secondary
effect.
Zfh1 represses Kibra in the hub
To show the direct effect of Zfh1 on kibra expression, one needs to manipulate
Zfh1 levels in the cells and observe the difference in kibra levels. Proof-
of-principle experiment in the S2 Drosophila cells (E. Albert, unpublished)
shows that a line expressing the dominant negative form of Zfh1 has an
65% increase in kibra expression than a zfh1-expressing line, as detected by
Western blot.
However, the S2 cells are quite different from the testis cells, which led
me to search for a better system to perform the Zfh1 manipulation experiment.
The global or clonal overexpression of zfh1 in the CySCs generates a non-
homogeneous population of cells, both stem-cell like and differentiating, while
Zfh1 loss leads to a change in stem cell behaviour, so it would again not allow
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Figure 2.25: Endogenous kibra expression in the testis.
A, schematic drawing of the kibra-T2A-GFPnls insertion into the MiMIC site
B, GFP expression (green) of the Kibra reporter. FasIII (blue) marks the hub. Scale
bar=10 µm
C, levels of GFP expression in the kibra-T2A-GFPnls testes
to discern between the direct and secondary effects of Zfh1 manipulation.
I chose the hub cells, which share the developmental precursors with the
CySCs, as the closest approximation for the CySC cell type. As the hub cells
are postmitotic, I have generated flip out clones of cells overexpressing Zfh1,
and used the kibra-T2A-GFPnls reporter as the kibra readout (Figure 2.26A). I
have observed a 15% reduction in kibra expression in the cells overexpressing
zfh1 as compared to their neighbours (Figure 2.26B).
I have thus demonstrated that zfh1 expression is correlated with a
decrease in kibra levels in vivo in the CySC/CyC lineage and can be causally
linked in another somatic cell type.
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Figure 2.26: zfh1 overexpression partially represses kibra in the hub clones
A, clonal cells overexpressing zfh1 in the hub have lower GFP intenstity compared
to their neighbours. GFP expression (green) corresponds to the kibra levels. Red
marks the flip out clones in the soma and the germline. FasIII (blue) marks the hub.
Compare the GFP intensity in the non-zfh1-expressing cell (solid outline) and in the
zfh1 overexpressing clones (dashed outline). Scale bar=10 µm
B, average GFP intensity ratio between a zfh1-overexpressing hub cell and a wild
type hub cell within the same or adjacent optical section is significantly decreased
compared to the ratio between the two wild type cells in the hub
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2.4.2 Salvador GFP reporters
The sav gene is much smaller than zfh1 or kibra. The coding sequence together
with the region of the DamID peak of potential Zfh1 binding is only 3.8 kb
long. Manipulations can therefore be performed in standard plasmid-based
experiments.
Since an anti-Sav antibody is not available, I generated a sav-T2A-
GFPnls reporter, for which I have fused GFP with the nuclear localization
sequence to Sav through the T2A self-cleaving peptide (Figure 2.27B). This
and all other sav reporters were inserted into the attP2 landing site by φC31
integrase mediated recombination. The presence of T2A allows GFP to be
transported into the nucleus independently of the membrane-associated Sav
protein. GFP expression was observed in both the germline and somatic
lineages, but not in the hub.
Knowing the Zfh1 binding site would allow its direct manipulation.
Unfortunately, the resolution of the DamID experiment is dependent on the
distribution of the GATC sites, and the peaks, unlike in ChIP, are not centered
on the actual binding site. However, Zfh1 was originally cloned through the
ability of its homeodomain to bind a short sequence from the fly rhodopsin
promoter called RCSI [Fortini et al., 1991]. This sequence or highly similar
sequences are present in other genes bound by Zfh1, such as eve [Su et al.,
1999] or FMRFa [Vogler and Urban, 2008]. We also find an RCSI-like sequence
in the DamID peak associated with sav (Figure 2.27A).
Deletion of the regulatory region of sav could lead to uncontrolled sav
expression and eventual loss of the non-proliferating CySCs from the niche,
potentially preventing recovery of the transgenic lines. I therefore replaced the
sav coding region and the T2A sequence of the sav-T2A-GFPnls reporter with
the ATG start codon, immediately followed by the GFP sequence, and called
this the sav::GFPnls full reporter (Figure 2.27C). Importantly, this reporter
exhibits the same expression pattern as for the sav-T2A-GFPnls reporter.
From the sav::GFPnls full plasmid I then generated two constructs
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TGA
A. sav
TGATGA
GFP NLS
ATG
B. sav-T2A-GFPnls
T2A
TGA
GFP NLS
ATG
C. sav::GFPnls_full
TGA
GFP NLS
ATG
D. sav::GFP∆NsiPst
TGA
GFP NLS
ATG
E. sav::GFP∆RCSI
aagGCTAATTGg
CCTGaTAATTcA
CCTGCTAATTGA
    CTAATTGA
eve
FMRFa
RCSI/P3
Figure 2.27: Schematic drawing of the sav reporter lines. A, sav genomic structure.
The Zfh1 binding peak from the DamID experiment is shown downstream of the
stop codon. The sequence of the conserved Zfh1 binding site in three other genes is
shown for comparison. B, sav-T2A-GFPnls reporter with the full length coding and
regulatory regions. C, sav::GFPnls full reporter with the sav coding region replaced by
the GFP-nls sequence and the full regulatory region. D, sav::GFP∆Nsi/Pst reporter
has a 178 bp deletion in the regulatory region. E, sav::GFP∆RCSI reporter has a 12
bp deletion of the presumable Zfh1 binding site
with deletions in the sav DamID peak: for sav::GFP∆Nsi/Pst I deleted the
central third of the DamID peak between the NsiI and PstI restriction sites (Fig-
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ure 2.27D), and for sav::GFP∆RCSI I precisely removed the 12 bp motif of pre-
sumptive Zfh1 homeodomain binding site by fusion PCR (Figure 2.27E).
In both full length reporter lines, the GFP intensities were higher in the
cyst cells as in the adjacent CySCs (Figure 2.28A), while in two deletion lines
there was no increased sav expression in the cyst cells compared to the CySCs
(Figure 2.28B).
The decrease of sav expression levels as judged from the images was
not dramatic, so we quantitatively analyzed the differences in sav expression
for all four generated constructs in a double blind experiment. We performed
a pairwise comparison of GFP intensities in adjacent somatic cells, one of
which was in the stem cell compartment and the other one had just left it, and
calculated the average ratios (Figure 2.28C). To avoid spurious effects due to
imaging at different sample depths, I limited myself to matched pairs from
the same optical sections. While in the wild type situation, sav is expressed at
lower levels in the CySCs than in their progeny, both general and precise re-
moval of the regulatory site of potential Zfh1 binding leads to the equalization
of the sav expression levels in both cell types.
Therefore, in the CySCs sav expression is regulated by endogenously
expressed zfh1, and the removal of the Zfh1 binding motif leads to loss of sav
repression in the corresponding reporters.
I have shown in vivo that both for kibra and sav, there is a relationship
between Zfh1 presence in the cells and the expression levels of these potential
target genes. Furthermore, I have characterized the effect of RCSI motif
removal on sav regulation in the CySCs and demonstrated its necessity for
sav repression. I conclude that the studied motif is the cis-acting sequence
utilized for sav repression by Zfh1.
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Figure 2.28: The Zfh1 DamID peak at sav contains sequences mediating sav tran-
scriptional repression.
A, sav::GFPnls full reporter line. Somatic cells are identified as Tj-positive cells (red),
and CySCs as the first tier of somatic cells near the hub. The GFP intensity in the
CyCs (solid outlines) is higher than in the CySCs (dashed outlines). FasIII (blue)
marks the hub
B, sav::GFP∆RCSI reporter line. The deletion of the presumable Zfh1 binding
sequence abolishes the GFP intensity in the CyCs (solid outlines) and CySCs (dashed
outlines)
C, quantification of GFP expression of the sav constructs. Ratios of the GFP intensities
for CyCs and CySCs are indicated for the four generated reporter lines. While
the Sav::GFP expression is increased about 20% for the CyCs as compared to the
CySCs in both full length constructs, the GFP intensity in the deletion constructs is
approximately equal between CyCs and CySCs
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Chapter 3
Discussion
3.1 Role of Zfh1 in CySC regulation
In my thesis, I have studied the role of Zfh1 in controlling proliferation of the
CySC population in the testis. Zfh1 is expressed in the CySCs and is a widely
used CySC immunohistochemical marker [Leatherman and DiNardo, 2008].
It is a common target of the Jak/Stat and Hh niche signalling pathways, which
are both necessary for CySC maintenance [Amoyel et al., 2013, Leatherman
and DiNardo, 2008, Michel et al., 2012]. Zfh1 itself is also required for CySC
maintenance in the niche [Leatherman and DiNardo, 2008]. Because of this,
Zfh1 (together with Chinmo [Flaherty et al., 2010], which determines the
sexual identity of CySCs [Ma et al., 2014]) has been traditionally viewed as
the key somatic ’stem cell factor’.
While Zfh1 is therefore clearly required for CySC stemness, it is less
clear whether it is also sufficient.
Overexpression of Hh [Amoyel et al., 2013, Michel et al., 2012], Jak/Stat
[Leatherman and DiNardo, 2008] or Notch (M. Michel, unpublished) path-
ways or of Zfh1 itself can generate an excess of Zfh1 positive, undifferentiated
looking somatic cells, however, with different properties that puts their iden-
tity as true CySCs in doubt.
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In the tumours generated by the overexpression of the Jak/Stat ligand
Upd or by prolonged overexpression of Zfh1, the Zfh1 positive cells are unable
to differentiate, while the wild type Zfh1 positive CySCs in the same testes
eventually undergo differentiation. In addition, the ectopic CySC-like cells
attract GSC-like germline cells by expressing the BMP family ligands Dpp
and Gbb, leading to mixed lineage tumours. This was taken as evidence that
the CySCs also endogenously form the niche for the GSCs [Leatherman and
DiNardo, 2008]. However, the Bo¨kel lab could prove by direct imaging of
BMP receptor activation that the GSC niche BMP signal is provided by the
hub [Michel et al., 2011], as previously argued by the Xie lab [Kawase et al.,
2004].
Instead, the undifferentiated, Zfh1 positive tumour cells not only pro-
liferate, but apparently also acquire the part of hub activity that is specific
for GSCs. Unpublished results from the Bo¨kel lab suggest that Upd/Jak/Stat
signalling is required in an autocrine manner in the hub for BMP production,
potentially explaining this confusing situation.
Conversely, the Zfh1 positive CySC-like cells generated by overacti-
vation of the Notch niche signal proliferate without germline contact, and
instead start expressing hub markers like FasIII and the niche ligands Upd
and Hh, thus acquiring hub activity specific for the soma. Accordingly these
tumours are surrounded by wildtype, Zfh1 positive CySCs (M. Michel, un-
published).
In the case of Hh pathway activation, CySCs overproliferate, but their
ability and rate of differentiation does not change [Michel et al., 2012, Amoyel
et al., 2013, Amoyel et al., 2014]. The ectopic, Zfh1 positive cells also do not
acquire hub activity. Despite the differences in the phenotypes displayed
by the Zfh1 positive cell populations, both in the overactivation situations
and the endogenous niche context, the common effect of its presence in the
somatic lineage is always increased proliferation.
I have therefore hypothesized that Zfh1 is one of the targets of the niche
signalling that is specifically required for the regulation of CySC proliferation
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but not other aspects such as the regulation of differentiation, which may be
controlled by other niche signal targets (or through secondary regulation in
the case of the Zfh1 overexpression tumours that indeed form much more
slowly than the Jak/Stat or Notch induced tumours).
Similarly, a recent paper [Amoyel et al., 2016] shows that CySC compe-
tition ability is regulated via repression of the MAPK signalling, and that this
can also be uncoupled from differentiation.
To prove my hypothesis of independent regulation of proliferation
other aspects of stem cell behaviour I therefore needed to demonstrate a direct
line of regulation from the niche signals to the proliferation output on the
molecular level. Since Zfh1 expression is, as argued above, associated with
increased proliferation, I decided to search for the proliferation regulators in
its transcriptional targets.
3.2 Screening for Zfh1 targets by DamID
Zfh1 is traditionally described as a transcriptional repressor that requires the
association with the corepressor CtBP (C-terminal binding protein) [Postigo
et al., 1999]. It shares its mode of action with its mammalian homologue Zeb1,
whose activity also relies on CtBP. However, recent observations demonstrate
that ZEB1 can alternatively function as a transcriptional activator, depending
on cellular context and presence of specific cofactors [Gheldof et al., 2012, van
Grunsven et al., 2003]. In addition, CtBP can in some contexts perform the role
of the transcriptional coactivator rather than corepressor [Bhambhani et al.,
2011]. This suggests that Zfh1 may also perform both transcriptional repressor
and activator functions. Therefore, in search for regulators of proliferation
directly controlled by Zfh1, I decided to perform an unbiased screen for
Zfh1 targets, which would not limit the target list to the genes repressed by
Zfh1.
I have used the DamID transcriptional profiling, because this technique
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avoids the need to generate large amounts of anti-Zfh1 antibody or isolate
the CySCs from the compact testis tissue. A pilot screen for Zfh1 targets was
performed in Drosophila S2 cells by E. Albert. The use of cells allowed to
generate large sample volumes and provided a stable procedure with the
minimal replica differences. S2 cells endogenously express Zfh1 (E. Albert,
unpublished), and could provide supporting data for the main in vivo screen
in the CySCs.
The DamID screen in the CySCs yielded a list of peaks in or close to
about 800 genes potentially regulated by Zfh1. Interestingly, about 40% of
the peaks found in S2 cells were also observed in the CySCs. I noticed the
presence of many components of the Hippo signalling pathway in both target
gene lists and, since I was mainly interested in the proliferation control by
Zfh1, decided to study these targets in more detail.
3.3 The Hippo pathway activity regulation
The Hippo or Salvador/Warts/Hippo pathway is known to control organ
size and tissue growth and regulate apoptosis [Udan et al., 2003, Pantalacci
et al., 2003, Wu et al., 2003, Harvey et al., 2003] by repressing transcription of
its target genes, such as cyclin E, a gene involved in the cell cycle regulation,
and diap1, a gene that inhibits apoptosis. In the active state, the pathway
restricts cell proliferation. The core kinase cascade, composed of Hippo
(Hpo) and Warts (Wts) kinases, inactivates the transcriptional coactivator
Yki by phosporylation. Inactivated Yki cannot enter the nucleus to drive
the transcription of the target genes together with the transcription factor
scalloped.
The regulation of the Hippo pathway integrates a number of environ-
mental inputs, such as cell polarity, cell-cell contact, mechanotransduction, cy-
toskeletal proteins, metabolic status and hormonal signals [Yu and Guan, 2013,
Enderle and McNeill, 2013, Meng et al., 2016]. The Kibra/Expanded/Merlin
complex is the first discovered regulator of the Hippo pathway and one of
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the many cell polarity complexes upstream of it [Meng et al., 2016]. The WW-
domain containing protein Kibra and the FERM-domain containing proteins
Merlin and Expanded form a complex at the apical membrane, which trans-
duces the signal to the intracellular components of the pathway by multiple
direct associations like Kibra-Wts [Genevet et al., 2010], Ex-Hpo, Kibra-Sav,
Mer-Sav [Yu et al., 2010] and activate Wts in the cooperative and partially
redundant manner [Baumgartner et al., 2010, Yu et al., 2010, Genevet et al.,
2010]. It has been concluded from the mutation phenotypes that contributions
of Kibra, Mer and Ex vary between the tissue types [Pan, 2010, Staley and
Irvine, 2011], allowing this complex to serve the dynamic integration role of
the extracellular environmental cues. Recent studies have also shown that Ex
is involved in the Wts-independent inactivation of Yki by sequestering it in
the cytoplasm [Badouel et al., 2009, Oh and Irvine, 2009].
Corresponding to the complex task of controlling the tissue growth
in response to various external inputs, the regulatory network of the Hippo
pathway involves multiple and often redundant interactions between its
components on various levels. Therefore many genes of the same pathway
might need to be repressed to establish a stable proliferation effect, which
could be the case in the CySCs, where I have discovered Zfh1 binding peaks
in or close to kibra, salvador and mats in the DamID results.
The previous dataset of Zfh1 targets in the S2 cells (E. Albert) also
included the Hippo pathway components, but while kibra and salvador were
present in both samples, in the S2 cells mats was not detected as a target, while
two additional targets included expanded and warts. This difference fits well
with the previous observations that Hippo pathway regulation depends on
the tissue type, and in the CySCs and S2 cells the individual components
of the pathway might have different contributions to the overall pathway
activity.
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3.4 The Hippo pathway in the testicular stem cell
niche
I have demonstrated that the downstream effector of the Hippo pathway Yki
is active in the CySCs, and that zfh1 overexpression leads to the expansion
of the cells with Yki activity far beyond the niche range. It has been recently
shown that clonal deregulation of Hippo pathway by hpo inactivation or
overexpression of the activated form of Yki in the CySCs leads to the clonal
expansion and colonization of the niche, while yki clonal inactivation stops
the CySC self-renewal and leads to their loss [Amoyel et al., 2014]. I have
observed a similar expansion effect for the clonal inactivation of kibra and sav,
two genes discovered in our DamID screen for Zfh1 targets. I have studied
the mechanism of clone expansion for the kibra clones and found that the
effect is due to increased proliferation of the mutant cells. Surprisingly, I
have observed that kibra mutant cells display a completely normal differentia-
tion phenotype. A similar separation of the proliferation and differentiation
processes has been observed for the activation of the Hedgehog pathway
in patched clones [Michel et al., 2012] or activation of the Hippo pathway in
clones overexpressing the active form of Yki [Amoyel et al., 2014].
Interestingly, in the Drosophila ovarian stem cell niche, the proliferation
of the follicle stem cells, an analogue of the CySCs in the female gonads, re-
quires Yki activity and is increased by inactivation of various Hippo pathway
components, such as hpo, mer, ex and kibra [Huang and Kalderon, 2014], but
the Hippo pathway there appears to be directly regulated by the Hh pathway
[Li et al., 2015], while in the CySCs there is no direct link between these path-
ways. Therefore, while some parts of the regulatory network are conserved
between the ovarian and testicular niche, there are also significant differences
between these systems.
The Hippo pathway components expression has been observed also
in the GSCs. I have detected high levels of kibra expression in the germline
(Figure 3.1, see also Figure 2.24), especially in the spectrosomes and fusomes.
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However, its role there is unknown, as the Hippo pathway is not required
for the GSC proliferation. Neither mutantions in fat, expanded, hippo, salvador,
or warts nor overexpression of the activated form of Yki in clones lead to the
overgrowth phenotype [Sun et al., 2008].
Zfh1 Kibra
FasIII
Zfh1
Kibra
Figure 3.1: kibra expression in the germline visualized by the antibody staining.
Kibra (red) is present in the spectrosomes of the GSCs (arrow) and gonialblasts (empty
arrowhead) and in the fusomes of the spermatogonial clusters (filled arrowhead). FasIII
(blue) marks the hub; Zfh1 (green) marks the CySCs. Scale bar=10 µm
3.5 Zfh1 regulates the Hippo pathway components
Having shown that the Hippo pathway controls CySC proliferation, I sought
to demonstrate its regulation by Zfh1. I have generated nuclear GFP reporters
for both kibra and sav and analyzed the effect of Zfh1 presence on the reporter
expression levels. The kibra reporter produced GFP in the equimolar amount
to the endogenous kibra level. I have shown that kibra is expressed strongly in
the hub cells, as well as in both somatic and germline lineages. I have used the
early differentiating cells for comparison with the CySCs to exclude secondary
effects on kibra expression levels. I have observed that the expression of kibra
is 20% lower in the Zfh1 positive cells than in the early cyst cells.
To prove the causal correlation between Zfh1 and Kibra in the cells,
manipulations of Zfh1 levels are necessary. But since gain or loss of Zfh1
in the CySCs would lead to major changes in the behaviour of these cells,
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the secondary effects might influence the experimental results. I chose the
hub cells as the closest approximation to the CySCs for the generation of zfh1
overexpression clones and observed a 15% decrease in kibra expression.
I then turned to the sav GFP reporter, which had GFP expressed under
the control of the potential sav regulatory region detected as the DamID peak
of Zfh1 binding. The reporter demonstrated sav expression in the cyst cell and
germline lineages, but not in the hub. Similarly to kibra, the 20% reduction
of sav expression was observed in the CySCs compared to the early cyst
cells.
Importantly, I could immediately guess a potential Zfh1 binding motif
with the Zfh1 DamID peak 3’ of the sav coding region. This motif had 10 out
of 12 bp similarity to the biochemically characterized Zfh1 binding domain
in the enhancer of the eve gene [Su et al., 1999], which is in turn similar
to the RCSI/P3 homeodomain binding motif used for zfh1 cloning [Fortini
et al., 1991], and to a motif in another characterized Zfh1 target, FMRFa
neuropeptide gene [Vogler and Urban, 2008]. I wondered whether deletion
of this fragment could hinder sav repression by Zfh1 and generated three
other reporters. Instead of the GFP fused to Sav via T2A peptide, I inserted
the GFP sequence right behind the original Sav ATG, deleting the entire
rest of the gene. This modification had no effect on GFP expression pattern,
therefore I further deleted a large part of the DamID Zfh1 binding peak from
the regulatory region for one construct and specifically the 12 bp motif for the
other one. Either deletion in the regulatory region abolished the differences
in sav expression levels between CySCs and early cyst cells. Therefore I
concluded that this region is responsible for the regulation of sav in the CySCs
and speculated that it is the site of Zfh1 binding leading to sav repression.
I have thus demonstrated that kibra and sav play a role in CySC prolifer-
ation control, and are in turn regulated by Zfh1. Although the repressive effect
I have observed is relatively small for either gene, there are more components
of the Hippo pathway that appear to be regulated by Zfh1, and a combina-
torial effect of those repressive interactions might account for the local Yki
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activation and increased proliferation observed in Zfh1 positive cells.
3.6 The model of the stem cell niche
In summary, I have shown that the CySC proliferation is controlled by the
suppression of the Hippo pathway genes kibra and sav by Zfh1, which is
in turn regulated by the two niche pathways mediated by Upd and Hh. In
other words, we have observed that proliferation of the CySCs is regulated
directly by the niche signals and can genetically be uncoupled from stem cell
differentiation. Our findings come in line with the recent report demonstrating
that the CySC competitive behaviour is regulated independently from their
self-renewal abilities [Amoyel et al., 2016].
Such a direct link between niche signal and stem cell behaviour should
not exist if the job of the niche was to aid the stem cells in making a binary
decision between stemness and differentiation [Mikkers and Frise´n, 2005].
Even less should niche signals be able to confer hub-like properties on the
stem cells.
Instead, the binary decision model requires the niche signalling to
converge on a node factor regulating all the aspects of stemness, and while in
some stem cell niches similar factors have been discovered (such as Bam in the
GSCs [Kawase et al., 2004]), the behaviour of the CySCs is clearly regulated
differently.
The observations I made in my thesis work instead point at a ’microman-
agement’ model of stem cell control by the niche, whereby each niche signal
directly controls a distinct subset of stem cell behaviours (Figure 3.2).
It is worth noting that even though it is possible to separate some
aspects of CySC behaviour, the complete regulation model is likely to be more
complex, involving the cross-talk between the signalling pathways and even
stem cell behavioural outputs. In fact, the interplay between the pathways
controlling self-renewal and competition has been detected in the CySC niche
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[Amoyel et al., 2016]. The Jak/Stat pathway uses Zfh1 together with the
Hh pathway for the proliferation control, but also has additional targets
in the CySCs. We have also observed that in the list of Zfh1 target genes
obtained in the DamID screen, there is a number of interesting gene ontology
groups, such as genes involved in carbohydrate metabolism or immunity and
therefore cellular competition [Meyer et al., 2014]. It therefore appears that
Zfh1 might also control the metabolic status of the stem cells or influence their
competitiveness.
Taken to its extreme conclusion, the micromanagement model I pro-
pose suggests that there may be no fundamental difference between niche
cells, stem cells and their progeny, and their behaviour is a physiological state
governed by the niche. This view on how stem cells are regulated offers a
possible refinement to the complex stem cell niche models with a high degree
of interconversion between the cell types observed e.g. in the mammalian gut
[Tetteh et al., 2016]. It may also offer a parsimonious explanation for the curi-
ous phenomenon of lineage restriction observed in the transient regenerative
niches of vertebrates [Jopling et al., 2011], which is not easily explained using
the framework of the traditional stem cell niche model with its binary fate
decision.
The recent progress in stem cell research has shown that stem cell niches
employ a variety of principles to control stem cell behaviour. There is likely
no common model for the niche role in stem cell regulation, as each system
has its own properties and mechanisms meeting the needs of the particular
biological context. We have demonstrated how one of the possible ways of
niche organization is interpreted by the CySC niche of the Drosophila testis,
contributing to the general understanding of principles governing the stem
cell niches.
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B
Figure 3.2: A, the traditional stem cell niche model. The binary decision between
stemness and differentiation is made based on the availability of the niche signalling.
The stem cell identity defines its behaviour.
B, the proposed ’micromanagement’ model. The behaviour of the cell is regulated
directly by the niche signalling. The combination of stem cell behavioural aspects
define the cell as a stem cell
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Chapter 4
Materials and Methods
4.1 Fly husbandry and stocks
Flies were bred on the standard agar/cornmeal/molasses food. Fly stocks
were maintained at 18◦C. Fly crosses were performed at 25◦C, except for the
ones involving tub::Gal80ts expresssing flies, which were crossed at 18◦C to
prevent leakiness of tub::Gal80ts expression. Inactivation of tub::Gal80ts was
performed at 30◦C.
For the MARCM clone induction, c587-Gal4 hs-Flp UAS-RedStinger;;
FRT82B Gal80 or c587-Gal4 hs-Flp UAS-RedStinger;FRT42D Gal80/CyO or
c587-Gal4 hs-Flp UAS-RedStinger;FRT40A Gal80/CyO virgins were crossed
to the males carrying the mutation on the corresponding FRT chromosome,
and heat shock treatment of the progeny was carried out in the water bath at
37◦C for 30 minutes or one hour.
For the generation of the flip out clones, hs::Flp UAS-RedStinger/FM6,w;;
act5c>CD2>Gal4/TM3,Sb virgins were crossed to w;UAS-zfh1/CyO;Kibra-
T2A-GFP males. Three 1 hour heat shocks were performed on the progeny
separated by 1 hour recovery time at 25◦C.
The fly lines used to create transgenics include:
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w[1118] for the ebony deletions; y[1] vas-Cas9ZH-2A w[1118]/FM7c
(BL-51323) for the zfh1 isoform knockouts and zfh1-T2A-Gal4 generation; y[1]
sc[1] v[1] Py[+t7.7]=nos-phiC31\int.NLSX;Py[+t7.7]=CaryPattP2 (BL-25710)
for the UAS-LT3-Zfh1-Dam generation; y[1] w[*]; Miy[+mDint2]=MICkibra
[MI13703] (BL-59281) for the kibra MiMIC transgenesis; y[1] v[1] Py[+t7.7]=nos-
phiC31 \intNLSX;Py[+t7.7]=CaryPattP40 (BL-25709) for the generation of the
sav constructs.
The following fly lines were additionally used in this study:
w[1118];P{w[+mC]=UAS-zfh1.P}2B (BL 6879) for the overexpression
of zfh1; FRT82B zfh1[65.34]/TM6B, Tb, Hu Dfd-GMR-YFP (gift of S. DiNardo)
for the generation of the zfh1 clones; w[1118];Df(3R)Exel9020/TM6B, Tb[1]
(BL-7917) as the zfh1 deficiency line; w;;pUAS RedStinger 6 (BL-8547) for the
analysis of zfh1-T2A-Gal4 expression; w;;UAS-LT3-Dam (gift of A. Brand) for
the DamID experiment; c587Gal4 Gal80ts/FM6 as the cyst cell lineage driver;
w[*];noc[Sco]/CyO;P{w[+mC]=tubP-GAL80[ts]}7 (BL-7018) for the Gal80ts
recombination; w;;e croc/TM3, Sb for the ebony mutant analysis; w;;FRT82B
sav[3]/TM3,Sb (gift of F. Janody) for generation of the sav clones; y w; Sp/CyO,
y+;FRT82 kibra[1]/TM6B, Tb, Hu (gift of H. Stocker) for generation of the
kibra clones.
4.2 Fly transgenesis
For generation of the transgenic flies, embryos from the corresponding fly
stock were injected with a plasmid or a plasmid mixture as described [Bach-
mann and Knust, 2008]. The injected survivors were mated individually with
the corresponding fly stocks according to the crossing scheme.
Before the injection, DNA was additionally purified by ethanol pre-
cipitation. For the P-element transgenesis, white flies were injected with the
donor and pTurbo plasmid at a ratio of 3:1, correspondingly, at a final con-
centration of 500 ng/µl. For the attP/attB transgenesis, the attP2 or attP40
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flies were injected with 200 ng/µl of corresponding pUAST plasmid. In the
CRISPR/Cas9 experiments, the donor plasmid was used at the concentration
of 500 ng/µl, every gRNA-encoding plasmid at a concentration of 150-200
ng/µl, and the pHsp70-Cas9 plasmid (Addgene, #45945) at a concentration of
375 ng/µl. In the MiMIC transgenesis, both phiC31 and the recombination
donor plasmids were injected at a concentration of 300 ng/µl.
4.2.1 Plasmid design
CRISPR/Cas9 transgenesis
For the search of the optimal gRNA target sites, the online tool flyCRISPR
Optimal Target Finder (http://tools.flycrispr.molbio.wisc.edu/targetFinder)
was used. Oligonucleotides (Eurofins) were phosphorylated, ligated in pairs
according to the protocol of O’Connor-Giles, Wildonger and Harrison labs
[Gratz et al., 2013] and then cloned into the pU6-BbsI-chiRNA plasmid (Ad-
dgene, #45946).
zfh1-T2A-Gal4
The recombination arms were cloned into the pRK2 vector [Huang et al., 2008]
obtained from DGRC. The left recombination arm contained 1059 bp of the
3’ end of the zfh1 gene excluding the stop codon, the T2A peptide-coding
sequence [Szymczak et al., 2004] and the Gal4 sequence, cloned into the
NheI/KpnI sites of the pRK2 vector. The right arm cloned into BglIII/AvrII
sites included 983 bp downstream of zfh1, excluding the 80 bp after the stop
codon, where gRNA target sites have been placed.
Plasmids for gRNA expression
For the stable expression in the isoform knockout experiment fragments
containing the U6 promoter and the gRNA-coding sequence were cut out
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of the pU6-BbsI-chiRNA vector by XhoI/XbaI digest and inserted into the
pCasper4 vector. The second gRNA was amplified from the the pU6-BbsI
vector, amplified in pJet1.2 vector, cut out by KpnI/NotI and inserted into the
corresponding sites of the pCasper4 with the first gRNA.
UAS-LT3-zfh1-Dam
The full zfh1 cDNA sequence was cloned into the pUAST-attB-LT3-Dam vector
(gift of A. Brand) in frame between the Dam sequence and its start codon (E.
Albert).
Kibra-T2A-GFP
For the generation of Kibra-T2A-GFP, 1752 bp of the 3’ end of kibra excluding
the stop codon, the T2A peptide-coding sequence and the eGFP sequence with
the nuclear localization sequence were assembled together via consecutive
PCRs and inserted into the pBS-KS-attB1-2-SA-SD-0 vector (a gift from F.
Schnorrer) between the two attB sites for the integration into the MiMIC lines.
Additionally, the white marker with the eye-specific GMR promoter [Huang
et al., 2008]from the pRK2 vector was placed downstream of the GFP-nls
sequence to facilitate screening.
4.3 Immunostaining
Fly testes were dissected in PEM and collected in ice-cold PEM for up to 30
minutes. All subsequent stages were performed at room temperature, except
for the overnight primary antibody step. The fixation was performed for 20
minutes in 4% PFA in PEM, followed by 20 minutes in 4% PFA in PEMT (0.2%
TX-100 in PEM). After washing the sample with PEMT, the remaining PFA was
neutralised for 10 minutes by 50 mM NH4Cl solution in PEM. An optional step
for better permeabilisation included 1 h incubation with 1% TX-100 in PEM.
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The sample was washed twice more with 0.2% PEMT and blocked with 0.5%
BSA in 0.2% PEMT for 2 h. The primary antibody staining was performed at
the indicated dilutions (see below) in the blocking solution overnight at 4◦C.
Afterwards the sample was washed with PEMT 6x10 minutes and incubated
at room temperature with the secondary antibodies in the blocking solution.
If needed, the nuclei were also stained with 1 µg/ml DAPI together with the
secondary antibodies. The sample was then washed with PEMT and PEM
and mounted on a slide in Mowiol (Sigma Aldrich) mounting media.
The following antibodies were used in the indicated dilutions: Alexa
Fluor 488 mouse-anti-BrdU 1:200 (BD Pharmingen, 558599); rat-anti-DE-
Cadherin (Ecad) 1:100 (DSHB, DCAD2); mouse-anti-Eyes absent (Eya) 1:20
(DSHB, eya10H6); mouse-anti-Fasciclin III (FasIII) 1:100 (DSHB, 7G10); chicken-
anti-GFP 1:2000 (Abcam, ab13970); rabbit-anti-Kibra 1:200 [Genevet et al.,
2010]; guinea pig-anti-Tj 1:1000 [Tanentzapf et al., 2007]; rabbit-anti-Zfh11
1:4000 [Van Doren et al., 2003].
Secondary antibodies (Invitrogen) were raised in goat against IgG of
the corresponding species and conjugated to Alexa Fluor dyes 488, 546 and
633 nm. They were used in dilution of 1:500.
4.4 BrdU uptake experiment
Flies were fed on food containing 2 mg/ml BrdU for 8 h. Afterwards they were
dissected and treated according to the standard immunostaining protocol.
Following the secondary antibody step, testes were transferred to PBST (PBS
+ 0.2% TX-100), incubated for 30 minutes in 2N HCl to expose the BrdU
epitope, neutralized with 100 mM borax solution for 2 minutes, transferred
back to PEMT and incubated with mouse anti-BrdU-488 in blocking solution
over night. The next day the testes were washed with PEMT and PEM and
mounted on a slide.
61
CHAPTER 4. MATERIALS AND METHODS
4.5 Imaging
Images were obtained using the Leica SP5 and Zeiss LSM780 confocal mi-
croscopes of the CRTD/Biotec imaging facility, generally using standard 40x
or 63x water immersion lenses compatible with the aqueous Mowiol embed-
ding medium. Images were processed and quantified using the Fiji package
[Schindelin et al., 2012].
4.6 DamID analysis
w;;zfh1-T2A-Gal4 tub::Galts/TM3,Sb virgins were crossed to either w;;UAS-
LT3-Dam tub::Galts or w;;UAS-LT3-zfh1-Dam tub::Galts males. The progeny
was collected for 3-5 days and shifted to the 29◦Cfor 24 h to induce Dam
and zfh1-Dam expression, after which the testes proper were dissected from
50 induced males per sample (collaboration with E. Albert). The DNA was
isolated as described in [Laktionov et al., 2014], and the DamID samples
prepared for the deep sequencing step as described in [Southall et al., 2013]
(E. Albert). The sequencing was performed on the HiSeq2000 Next Generation
Sequencer (Illumina) by the CRTD/Biotec NGS facility.
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